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For many years, cytokinesis in eukaryotic cells was considered to be a process that took a variety of forms. This is rather surprising in the face
of an apparently conservative mitosis. Animal cytokinesis was described as a process based on an actomyosin-based contractile ring, assembling,
and acting at the cell periphery. In contrast, cytokinesis of plant cells was viewed as the centrifugal generation of a new cell wall by fusion of Golgi
apparatus-derived vesicles. However, recent advances in animal and plant cell biology have revealed that many features formerly considered as
plant-specific are, in fact, valid also for cytokinetic animal cells. For example, vesicular trafficking has turned out to be important not only for
plant but also for animal cytokinesis. Moreover, the terminal phase of animal cytokinesis based on midbody microtubule activity resembles plant
cytokinesis in that interdigitating microtubules play a decisive role in the recruitment of cytokinetic vesicles and directing them towards the
cytokinetic spaces which need to be plugged by fusing endosomes.
Presently, we are approaching another turning point which brings cytokinesis in plant and animal cells even closer. As an unexpected twist,
new studies reveal that both plant and animal cytokinesis is driven not so much by Golgi-derived vesicles but rather by homotypically and
heterotypically fusing endosomes. These are generated from cytokinetic cortical sites defined by preprophase microtubules and contractile
actomyosin ring, which induce local endocytosis of both the plasma membrane and cell wall material. Finally, plant and animal cytokinesis meet
together at the physical separation of daughter cells despite obvious differences in their preparatory events.
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Cell division is a critical event in the life history of a
eukaryotic cell. After a sequence of preparatory phases
allowing duplication of all cellular components, the cell
performs a structural and functional splitting into two daughter
cells. Traditionally, we discriminate three preparatory phases
known as G1, S, and G2, followed by mitosis and then
cytokinesis. In a more strict sense, cell division encompasses
the nuclear event of mitosis and the cytoplasmic event of
cytokinesis. The latter is responsible for partitioning the
duplicated components into the two daughter cells. Of these
two parts of cell division, the first is conserved by all⁎ Corresponding author. Fax: +49 228 739004.
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spindle is assembled from all available tubulin dimers and
partitions the chromosomes into the two daughter nuclei.
While there are some special aspects of spindle assembly in
plant cells related to the absence of corpuscular centrosomes,
the overall spindle morphology and functionality appear to be
highly conserved throughout the eukaryotic superkingdom
(Lloyd and Chan, 2006). By contrast, cytokinesis in the
classical sense is a highly variable process in eukaryotes,
showing variation in both the supportive structures and the
underlying processes (Canman and Wells, 2004; Glotzer,
2005). In some developmental situations, mitosis is not
followed by cytokinesis and results in formation of multinu-
cleate cells (Fig. 1). This phenomenon is typical for many algae
(reviewed by Menzel, 1994) but also for early embryogenesis
of animals and plants (Baluška et al., 2004a,b; Nguyen et al.,
Fig. 1. Multinucleate coenocytic endosperm from the micropylar chamber of
Coronopus didymus showing evenly spaced nuclei via radiating arrays of
perinuclear microtubules. (A) Overview (B) detail view. Images taken from
Nguyen et al. (2002).
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never been shown to start independently, without a preceding
mitosis.
Here we argue that the physical separation of daughter cells
(cytokinesis in the strict sense) is accomplished via fusing
endosomes and that the tubulin-based preprophase band of plant
cells and the actin-based contractile ring of animal cells
represent two different evolutional and structural strategies
designed for the same purpose: to enable rapid closure of the
cytokinetic space between the two newly born cells via locally
generated endosomes. These are then recruited for their
homotypic fusions via microtubules of phragmoplast and
midbody.
Plant and animal cytokinesis: targeted vesicular delivery
finishes the job
In the classical view of animal cytokinesis, new membrane
addition is not considered to be an essential event as the
actomyosin-driven constriction of the plasma membrane is
thought to be sufficient for the “pinching off” of daughter cells.
In contrast, and since the advent of electron microscopy, plant
cytokinesis has been considered to be dependent on targeted
secretion of vesicles in order to generate a new plasma
membrane (Whaley and Mollenhauer, 1963; Samuels et al.,
1995; Bednarek and Falbel, 2003). In the last decade, the
introduction of Arabidopsis as a genetically tractable plant
species has resulted in the pioneering discoveries of several
vesicular trafficking proteins driving plant cytokinesis (Mayer
and Jürgens, 2004; Jürgens, 2005). Three cytokinetic proteins
have recently been characterized: the t-SNARE syntaxin
KNOLLE (Lukowitz et al., 1996; Lauber et al., 1997), the
syntaxin-binding protein KEULE, which is homologous to Sec1
(Waizenegger et al., 2000; Assaad et al., 2001), and AtSNAP33,which is homologous to the synaptic protein SNAP25 (Heese
et al., 2001). Cell plate-associated SNARE protein NSPN11,
interacting with KNOLLE, was also reported (Zheng et al.,
2002). Of several syntaxins present in Arabidopsis, only
KNOLLE was shown to be specific for cytokinesis (Lauber et
al., 1997; Waizenegger et al., 2000; Völker et al., 2001; Müller
et al., 2003). Besides syntaxins, the Arabidopsis homologue of
yeast CDC48p, a subclass of ATPases essential for homotypic
fusions of membranes (Latterich et al., 1995), was also
reported to be localized within cytokinetic phragmoplasts
(Feiler et al., 1995; Rancour et al., 2002). Moreover, AtCDC48
colocalizes with KNOLLE as well as with SYP31, another
SNARE, and interacts with SYP31 in an ATP-dependent
manner (Rancour et al., 2002).
The building of new cell periphery at plant cytokinesis is
known to be associated with clathrin-coated vesicles and
multivesicular endosomes (Samuels et al., 1995; Seguí-Simarro
and Steahelin, 2005; Seguí-Simarro et al., 2004), thereby
implicating endocytosis in the remodeling of newly formed
plasma membrane and cell wall (Baluška et al., 2005; Šamaj
et al., 2005; Samuels et al., 1995; Dhonukshe et al., 2006). In
accordance with this concept, phragmoplastin and other
dynamin-like proteins have been localized to cell plates and
shown to be required for the plant cytokinesis (Gu and Verma,
1996, 1997; Verma and Gu, 1996; Kang et al., 2001, 2003;
Bednarek and Falbel, 2003; Verma and Hong, 2005; Konopka
et al., 2006).
Spatial control of plant cytokinesis is well-known to be
regulated by some function of the preprophase band and
phragmoplast microtubules (Fig. 2; Dhonukshe et al., 2005). In
contrast, cytokinetic animal cells seem to rely on the contractile
apparatus assembled at the plasma membrane via interactions
between dynamic F-actin and myosins of class II, as well as a
larger number of accessory proteins and septins (Fishkind and
Wang, 1995; Glotzer, 1997, 2001, 2005; Guertin et al., 2002;
Canman and Wells, 2004). Some eight years ago, however, the
first papers were published which reported that animal
cytokinesis also involves targeted vesicle trafficking mediated
via syntaxin activities. Burgess et al. (1997) found that
mutations in the Drosophila synaptic gene syntaxin 1 resulted
in defective cellularization during early embryonic develop-
ment. Subsequently, this finding was supported by reports
documenting the importance of syntaxins for contractile ring
and cleavage-based cytokinesis (Bowerman and Severson,
1999; Conner and Wessel, 1999; Hales et al., 1999; Jantsch-
Plunger and Glotzer, 1999; Lecuit and Wieschaus, 2000; O'
Halloran, 2000; Schweitzer and D'Souza-Schorey, 2004;
Glotzer, 2005). In addition, clathrin-mediated endocytosis was
shown to be essential for mammalian cytokinesis, especially for
its completion (Wienke et al., 1999; Gerald et al., 2001; Feng et
al., 2002; Schweitzer et al., 2005).
Cytokinesis of animal cells, therefore, appears to consist of
three consecutive processes: firstly, initiation of cytokinesis via
actomyosin-based forces driving the constriction of the
cleavage furrow; secondly, the midbody-based formation of
the intracellular bridge; thirdly, the vesicular abscission of the
intracellular bridge, an event based on endocytic processes
Fig. 2. GFP-AtEB1 labeled plus ends of microtubules and FM4-64 stained endosomes and cell plate in cytokinetic BY-2 cells. (A, B) Early cytokinesis; (C, D) late
cytokinesis. Images takes from Dhonukshe et al. (2005), Fig. 5j–m. For methodological details and further descriptions, see Dhonukshe et al. (2005).
Fig. 3. Schematic depiction of endosomes (in red) recruited by PPB MTs in
premitotic plant cells (not shown) and spindle MTs of dividing animal and plant
cells (A). Phragmoplast and midbody MTs (B) recruit these endosomes to
physically separate the daughter cells by homotypic fusion of endosomes,
plugging the midbody canal in animal cells, and generating the cell plate in plant
cells (C). In plant and animal cytokinesis, physical separation of the daughter
cells is driven by the interdigitation of plus ends (+) of antiparallel MTs
emanating, via their minus ends (−), from nuclear surfaces (plant cells) and
perinuclear centrosomes (animal cells). Sites of overlap initiate and organize
homotypical fusions of endosomes and endosomal vesicles resulting in de novo
formation of the plasma membrane and associated cell surface structures. This
schematic figure is based on results of several recently published papers in the
plant (Baluška et al., 2005; Dhonukshe et al., 2005, 2006) and the animal field
(Monzo et al., 2005; Gromley et al., 2005; Schweitzer et al., 2005). The green
circle represents the contractile ring, and the blue circle the midbody ring (for
more details on this aspect see Gromley et al., 2005).
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allows both daughter cells to be completely surrounded by their
own plasma membrane (Glotzer, 2005). As only this final act of
cytokinesis results in the physical separation of daughter cells,
one can propose that this vesicular and endocytic severing of the
intracellular bridge represents the actual cytokinesis and is
homologous to the plant cytokinesis (Fig. 3). Severing of the
intercellular channel is dependent on the presence and activity
of midbody microtubules (Danilchik et al., 1998; Larkin and
Danilchik, 1999) in much the same way as phragmoplast
microtubules of plant cells are essential for the recruitment of
endosomes into the division plane of cytokinetic plant cells
(Baluška et al., 2005; Dhonukshe et al., 2006). In this concept of
animal cytokinesis, the contractile ring serves primarily to
minimize the area which needs to be severed.
Earlier studies considered that the intercellular channel in
animal cytokinesis is passively stretched by daughter cells and
then mechanically broken down (Mullins and Biesele, 1977).
Importantly, however, Mullins and Biesele (1977) reported
numerous vesicles within the intercellular channel even though
they made no comment about them. Later, in AtT20 cells, the
identity of these midbody vesicles was identified as secretory
granules (Tooze and Burke, 1987) which are coated with
clathrin (Tooze and Burke, 1986). Now it becomes clear that
this intercellular channel is closed via targeted delivery of
vesicles and endosomes (Schweitzer and D'Souza-Schorey,
2004, 2005; Schweitzer et al., 2005; Strickland and Burgess,
2004; Albertson et al., 2005; Glotzer, 2005; Matheson et al.,
2005). Thus, plant and animal cytokinesis resemble each other
at the physical separation of daughter cells despite obvious
differences in their preparatory phases.
In plants, there is a cortical preprophase band (PPB) of
microtubules which marks the sites where cell plate (primordial
cytokinetic wall) will fuse to the parental cell wall. The PPB is
positioned by an microtubular array, arising mainly from the
nuclear surface, which locally induces endocytosis at the cell
cortex (Dhonukshe et al., 2005, 2006) for creating an imprinted
area that will be recognized later during cytokinesis by the
cytokinetic cell plate expanding outward from the cell's center
(Dhonukshe et al., 2005, 2006). In animals, the actomyosin
contractile ring, positioned by the astral microtubules arising
from the opposite poles as well as by microtubules of the
spindle midzone (Bringmann and Hyman, 2005), minimizes the
area which needs to be plugged. Moreover, at least in fission
yeast, the actomyosin ring is a site of extensive endocytosis
(Fig. 1A in Gachet and Hyams, 2005), resembling the PPBendocytic belt in dividing plant cells (Dhonukshe et al., 2005).
Local endocytosis accomplished at polar regions of mitotic cells
and at the contractile ring of cytokinetic HeLa cells provides
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(Schweitzer et al., 2005). Other similarities also suggest that
cytokinesis is an ancient process conserved throughout the
eukaryotic superkingdom.
Microtubular PPB and actomyosin contractile ring: two
different strategies for the vesicle-based physical separation
of daughter cells
In this new concept of cell division, events like the assembly
of the preprophase band (PPB) of microtubules in the premitotic
plant cells, and of the actomyosin-based constriction ring
followed by its contractile furrowing in the postmitotic animal
cells, represent different strategies for the execution of the
physical act of separation of daughter cells (see below). The
actual act of physical separation of daughter cells, which in the
strict sense represents the real cytokinetic event, emerges to rely
essentially on the same processes in both plant and animal
cytokinetic cells. This discovery, discussed in details later,
allows the conceptual unification of the theme of cytokinesis in
both Kingdoms of eukaryotes.
Nevertheless, these preparatory events are essential for the
execution of cytokinesis and should be considered as an
inherent part of cytokinesis. They provide a spatial memory for
the division plane and allow rapid execution of plant
cytokinesis. In dividing animal cells, they minimize the amount
of membranes required to plug the cytokinetic space during
physical separation of the daughter cells. These preparatory
events of cytokinetic plant cells serve two purposes. Firstly, they
locally prime the plasma membrane/cell wall as an adhesive site
for the fusion of the cell plate with the parent plasma membrane/
cell wall complex. Secondly, they supply endosomes filled with
cell wall molecules and enclosed with the plasma membrane-
derived envelope. These endosomes act as a ready source for
new cell wall formation during plant cytokinesis (Baluška et al.,
2005; Šamaj et al., 2005, Dhonukshe et al., 2006). Intriguingly,
although the premitotic strategies differ significantly in plant
and animal cells, there is one common aspect. In both systems,
the premitotic nucleus and its associate microtubules play an
instructive role in positioning the PPB band/endocytic belt in
dividing plant cells (Dhonukshe et al., 2005) or the actomyosin
contractile ring in dividing animal cells (Paoletti and Chang,
2000; D'Avino et al., 2005; Burgess and Chang, 2005; Shannon
et al., 2005). Moreover, local endocytosis is accomplished also
at contractile rings of HeLa cells (Schweitzer et al., 2005).
Phragmoplast versus midbody: interdigitation of
antiparallel microtubules is essential for polarized
recruitment and homotypic fusion of endocytic vesicles
Although similarities between phragmoplast and midbody
were reported in the early 1980s (Euteneuer and McIntosh,
1980; Euteneuer et al., 1980), especially with respect to
microtubule polarities (Fig. 3), the actual significance of this
apparent similarity remained obscure. During the last 5 to 6
years, however, it has become increasingly clear that, similar to
plant cytokinesis, animal cytokinesis also requires targetedvesicle trafficking. A recent study revealed that the major
function of the midbody is to organize targeted exocytosis in
order to terminate cytokinesis via closure of the intercellular
canal (Danilchik et al., 2003). Brefeldin A (BFA) is a potent
inhibitor of secretion which slows down cytokinesis in plant
cells (Yasuhara and Shibaoka, 2000; Yasuhara et al., 1995) and
inhibits or even blocks the completion of cytokinesis in animal
cells (Sisson et al., 2000; Skop et al., 2001; Finger and White,
2002; Xu et al., 2002). This variability in the sensitivity of
cytokinesis towards BFA can be explained by different
strategies in vesicular plugging of the cytokinetic space.
Homotypic fusion of endosomes, a process which is less
sensitive to BFA, can do this job in plants (Baluška et al., 2005;
Dhonukshe et al., 2006). In animal cells, the situation varies
according to the cell type. It can be expected that those cell
types which cannot accomplish cytokinesis in the presence of
BFA rely on the targeted BFA-sensitive vesicular secretion from
TGN and secreting endosomes, and less on the homotypic
fusion of endosomes.
Another similar aspect of cytokinetic animal and plant cells
is the arrangement of midbody and phragmoplast microtubules
which interdigitate having antiparallel orientation at their plus
ends, in the plane where homotypic fusion events generate the
new plasma membrane. Both plants and animals possess
specific microtubule-associated proteins (MAPs) designed to
organize antiparallel microtubules that interdigitate via their
overlapping plus ends (Raich et al., 1998; Lloyd and Hussey,
2001; Mollinari et al., 2002; Twell et al., 2002). This allows
formation of very stable structures which are capable of
recruiting cytokinetic vesicles towards the sites where the new
membraneous boundaries are sculptured. What is so particular
about the interdigitation of antiparallel microtubules? Appar-
ently, these dynamic arrays constitute a safe-guard machinery
for spatial localization of the new plasma membrane and cell
wall.
In terms of vesicular fusion, two different scenarios are
possible for cytokinetic animal cells. Either the cytokinetic
vesicles fuse with the invaginating parent plasma membrane to
drive furrow ingression or, alternatively, they fuse with each
other to create an internal cell plate-like structure that grows out
to meet the edges of the incipient furrow (see Fig. 1 in Xu et al.,
2002). In this second scenario, the plasma membrane
boundaries that finally separate the daughter cells would be
formed from fusing cytokinetic vesicles, resembling the
situation in cytokinetic plant cells (Fig. 3). Recent studies
revealed that the second scenario may be the case of plant cells,
and at least some animal cell types (Shuster and Burgess, 2002;
Low et al., 2003; Monzo et al., 2005; Wilson et al., 2005;
Schweitzer et al., 2005). Moreover, endosomal proteins such as
syntaxin2, endobrevin (Low et al., 2003), CD2AP (Cormont et
al., 2003; Monzo et al., 2005), and FIP3-Rab11 protein complex
(Wilson et al., 2005; Matheson et al., 2005), all are essential for
the final events of animal cytokinesis. All this evidence
strengthens the unifying concept between plant and animal
cytokinesis.
Mounting evidence suggests that furrowing and plugging are
two separate processes based on different mechanisms
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2001; Finger and White, 2002; Xu et al., 2002; Low et al.,
2003). During furrowing, cytokinetic vesicles fuse with the
incipient parent plasma membrane. By contrast, during
plugging, formation of new plasma membrane in the equatorial
plane is driven via homotypic fusion of cytokinetic vesicles
(Gromley et al., 2005; Schweitzer et al., 2005). This latter
process is independent of the actomyosin-based constriction; in
fact, it starts only after disassembly of the contractile ring
(Glotzer, 2005). It requires interdigitation of antiparallel
microtubules, involves SNARE-mediated fusion of endosomes
(Low et al., 2003; Gromley et al., 2005), and is associated with
the release of calcium from intracellular stores (Bowerman and
Severson, 1999; Conner and Wessel, 1999; Hales et al., 1999;
Jantsch-Plunger and Glotzer, 1999; Lecuit and Wieschaus,
2000; O' Halloran, 2000). Again, all these aspects are also
characteristic for plant cytokinesis (Samuels et al., 1995;
Verma and Gu, 1996; Bednarek and Falbel, 2003; Mayer and
Jürgens, 2004; Jürgens, 2005).
As a surprising twist, recent data reveal that plant endosomes
filled with cell wall pectins and xyloglucans, which represent
one the most important carbohydrate polymers of the early cell
plate, play a crucial role in this process (Baluška et al., 2005;
Dhonukshe et al., 2006). An endosomal origin of the new cell
wall matrix components explains how it is possible that
cytokinetic plant cells manage to generate 1/3 of their surface
within a few minutes (Mayer and Jürgens, 2004), when most of
the Golgi stacks, which synthesize pectins and xyloglucans, are
busy with their own duplication (Garcia-Herdugo et al., 1988).
Moreover, these findings also explain why plant cells can
accomplish cytokinesis, albeit at much slower rate, even when
all their secretory pathways are effectively blocked by BFA
treatment (Yasuhara and Shibaoka, 2000; Yasuhara et al., 1995;
Dhonukshe et al., 2006). The view of an inherently endocytic
nature of the cell plate (Dhonukshe et al., 2006) is strengthened
also by the fact that bona fide dynamin, as well as several
dynamin-like proteins, plays essential roles in cell plate form-
ation (reviewed by Verma and Hong, 2005; Konopka et al.,
2006). As a consequence, cell plate vesicles fuse together using
finger-like protrusions (Seguí-Simarro et al., 2004; Verma and
Hong, 2005) which are characteristic features of endosomes but
not of Golgi-based secretory vesicles. Lastly, cross-linked cell
wall pectins accumulating within the early cell plate are found
also within endosomes (Baluška et al., 2005; Dhonukshe et al.,
2006) but not within the GA-derived vesicles (Baluška et al.,
2005). The endocytic connection to cell plate was confirmed
also in studies revealing the endosomal nature of the trans-
Golgi network in Arabidopsis (Uemura et al., 2004; Šamaj
et al., 2005; Dettmer et al., 2006).
Recently, several reports have suggested close links between
endosomes and endocytic proteins in animal and yeast
cytokinesis. Structural sterols recycle between the plasma
membrane and endosomes both in animal and plant cells
(Grebe et al., 2003), and their depletion results in the failure of
cytokinesis (Fernández et al., 2004; Schrick et al., 2004). PI(3)P
is formed specifically at endosomes (Gillooly et al., 2000; Voigt
et al., 2005), and PI(3)P enriched endosomes are essential forthe plasma membrane formation during yeast spore formation
(Shimoda, 2004; Onishi et al., 2003a,b). Interestingly, septins
also interact with PI(3)P and endosomal proteins at synapses
(Xue et al., 2004) and are critical for the completion of
cytokinesis in animal cells. Furthermore, mutations in endoso-
mal proteins, such as clathrin, BEACH, ESCRT, CD2AP,
ARF1, and ARF6 proteins, also resulted in cytokinetic failure
(Kwak et al., 1999; Lozanne, 2003; Muller et al., 2002, Wang
et al., 2003; Monzo et al., 2005; Xu and Scheres, 2005;
Schweitzer and D'Souza-Schorey, 2005; Matheson et al.,
2005; Schweitzer et al., 2005). Recent proteome analysis of
isolated midbodies identified several endosomal proteins
including Rab7, dynamin, clathrin, Huntingtin-interacting
protein 1, endophilin B1, flotillin 1, copine 1, sorting nexin
4, GLUT1 CBP, GLUT4, and annexins (Skop et al., 2004).
Last, but not least, a homologue of the endocytic SNARE
KNOLLE (Uemura et al., 2004; Dhonukshe et al., 2006),
which is essential for plant cytokinesis (Jürgens, 2005), has
been implicated also in animal cytokinesis. For example,
RNAi of the Drosophila orthologs of KNOLLE, as well as of
the sec1-like KEULE, resulted in multinucleate Drosophila
cells (Echard et al., 2004).
Endosomal ARF6 is abruptly upregulated during terminal
phases of animal cytokinesis and is targeted to the midbody
(Schweitzer and D'Souza-Schorey, 2002; Matheson et al.,
2005), while depletion of ARF6 using the RNAi interference
blocks final stages of cytokinesis in HeLa cells (Schweitzer and
D'Souza-Schorey, 2005). Moreover, our understanding of how
Rab11-based recycling endosomes are involved in termination
of cytokinesis in animal cells is also relatively well-advanced
(Skop et al., 2001; Pelissier et al., 2003; Riggs et al., 2003;
Horgan et al., 2004; Strickland and Burgess, 2004). Rab11
delivers endosomes to the midbody during animal cytokinesis
(Wilson et al., 2005). The Rab11-binding proteins, FIP3 and
FIP4, function in the delivery of endosomes into the midbody
canal (Wilson et al., 2005; Fielding et al., 2005). Surprisingly,
Exo70, a component of the exocyst complex, interacts with
endosomes during the final stages of animal cytokinesis. It
colocalizes with ARF6 in Rab11-positive endosomes, and
depletion of Exo70, FIP3, or FIP4, leads to the failure of
cytokinesis (Fielding et al., 2005). Other exocyst subunits can
also interact with endosomes in a manner relevant for
cytokinesis. For instance, ARF6 controls endocytic recycling
via the Sec10 subunit (Prigent et al., 2003), and the Sec5 subunit
is also present on endocytic vesicles (Sommer et al., 2005). A
recent study revealed that exocyst and endosomal v-SNAREs
are anchored at the midbody via centriolin (Gromley et al.,
2005). Moreover, endosomes produced locally during mitosis
and cytokinesis of HeLa cells (Schweitzer et al., 2005), like it is
the case of dividing plant cells (Dhonukshe et al., 2005, 2006),
are targeted to the midbody for its abscission (Schweitzer et al.,
2005).
All these new findings suggest that the midbody serves,
besides its well-known role as a structural support of the
intracellular channel, as an effective framework that recruits
cytokinetic endosomal vesicles associated with diverse struc-
tural and signaling molecules (Gromley et al., 2005; Matheson
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can be predicted to fuse homotypically to plug the intercellular
channel (Fig. 3) and to allow BFA-independent physical
separation of daughter cells, closely resembling cytokinetic
plant cells in which internalized cell wall matrix molecules are
reused via plant endosomes for plant cytokinesis (Baluška et al.,
2005; Dhonukshe et al., 2006) as well as for other plant
processes (Šamaj et al., 2005). Interestingly, hyaluronan is a
sugar polymer of the extracellular matrix of animal cells and is
also internalized into dividing cells via its receptors such as
RHAMM (Assmann et al., 1999). Recent work revealed that
RHAMM is also a centrosomal protein necessary for maintain-
ing spindle pole stability (Maxwell et al., 2003) and for
centrosomal functions (Maxwell et al., 2005). In addition,
internalized hyaluronan was visualized within lysosomes and
vesicular structures, and colocalized with perinuclear centro-
somes and mitotic spindles. Together with RHAMM, hyalur-
onan also accumulated within midbodies during cytokinesis
(Evanko et al., 2004), suggesting that hyaluronan-filled
endosomes and lysosomes might plug the midbody canal.
Concluding remarks
Recent studies reveal that endosomes play a critical role in
the cytokinetic partitioning of daughter plant cells (Baluška
et al., 2005; Dhonukshe et al., 2006). Here we argue that the
final, midbody-dependent (phragmoplast-like) phase of animal
cytokinesis represents the actual phase of physical separation
(bona fide cytokinesis). On the other hand, the assembly and
ingression of the contractile ring serve to bring the parent
plasma membranes closer together, and so lower the demand for
newly formed plasma membranes. Plant cells evolved another
strategy for cytokinesis, which is based on their preprophase
bands of microtubules that locally induce massive endocytosis
from cortical cytokinetic sites (Dhonukshe et al., 2005). This
allows rapid accumulation of sufficiently large amounts of
endosomes filled with cell wall material to plug effectively the
large cytokinetic space of dividing plant cells (Fig. 2;
Dhonukshe et al., 2005, 2006). Intriguingly, a similar scenario
might be valid also for dividing fission yeast (see Fig. 1A in
Gachet and Hyams, 2005). A recent report reveals that animal
cells also accomplish local endocytosis at spindle pole-facing
domains and at contractile rings (Schweitzer et al., 2005).
Furthermore, plant and animal cytokineses bear similarities
based on the generation of new cell periphery complex via
endosomal fusions. This process is assisted by the PPB of
plant cells and the contractile ring of animal cells which
should be considered as cytoskeletal structures serving the
specialized preparatory devices, allowing rapid cytokinetic
separation of daughter cells based on either phragmoplast or
midbody microtubules recruiting homotypically fusing endo-
somes (Fig. 3).
Phragmoplast microtubules are tightly associated with
nuclear surfaces to such an extent that phragmoplast-nuclear
complexes can be isolated intact from cytokinetic cells
(Kakimoto and Shibaoka, 1988). Moreover, molecules which
organize these unique microtubular arrays are typically storedwithin the nucleus during interphase (Baluška et al., 1997).
Intriguingly in this respect, perinuclear centrosomes and their
components were found to regulate the late steps of cytokinesis
(Piel et al., 2001; Ou and Rattner, 2002; Gromley et al., 2003,
2005; Blagden and Glover, 2003; Kim et al., 2004). Gromley
et al. (2003) characterized centriolin as a centrosomal protein
which regulates the final stage of cytokinesis. Centriolin
silencing resulted in nuclear divisions followed by cytokinesis
which failed to disintegrate midbodies, and hence resulted in
syncytia (Gromley et al., 2003), remotely resembling plant
tissues (Lucas et al., 1993; Baluška et al., 2004a,b). New data
reveal that centriolin recruits and anchors exocyst and
endosomal vesicles within the midbody to plug the intercellular
canal (Gromley et al., 2005, see also McCollum, 2005).
Interestingly in this respect, exocyst-like structures have been
localized to cell plates of cytokinetic plant cells (Seguí-Simarro
et al., 2004; Verma and Hong, 2005). Moreover, it is also
interesting to note that higher plants lack centrioles and compact
centrosomes, and fail to complete their cytokinesis, thus making
way for plasmodesmata cell–cell channels (Baluška et al.,
2006) which are enriched within centrin (Blackman et al.,
1999). However, the importance of the centrosome for
cytokinesis is obvious in the brown alga, Scytosiphon
lomentaria, which lacks microtubular arrays resembling
phragmoplast and midbody but requires centrosomal activity
(Nagasato and Motomura, 2002). This would indicate that
centrosomal interventions at the final stages of cytokinesis are
of an ancient nature, predating the invention of midbody and
phragmoplast. In accordance with this notion, a common basis
of both plant and animal cell division is emerging from several
recent studies (Lloyd and Chan, 2006).
The usual argumentation that cytokinesis differs between
plants and animals was based mainly on the presence of a rigid
cell wall in plants. However, yeast cells also have robust cell
walls, as do many algal lineages (Menzel, 1994), but they still
use a contractile furrow apparatus for performing cytokinesis. In
fact, osmotically stressed cytokinetic plant cells also switch to
furrowing-like mode of cytokinesis (Cleary, 2001). It is
tempting to speculate that the absence of a contractile furrow
apparatus in Charophytes (Menzel, 1994) and land plants has
something to do with the unique mode of multicellularity based
on incomplete cytokinesis, and with the absence of myosins of
class II from plants. Despite its unique nature, recent studies
reveal that plant cytokinesis may serve as an important model
for understanding general mechanisms of cytokinesis in
eukaryotic organisms. Moreover, plant cytokinesis holds an
important message about the primary nature of the nucleus-
associated microtubules (Baluška et al., 2004a,b; Dhonukshe
et al., 2005) and the secondary nature of the plasma membrane-
associated microtubules as well as other associated structural
elements (Baluška et al., 2005) in the sense that the latter
structures can be generated during cytokinesis via homotypic
fusion of endosomes and lysosomes, closely resembling the
rapid repair response of wounded animal cells (Dhonukshe
et al., 2006).
How could endosomes be particularly useful for sealing the
intercellular channel left free between the daughter cells?
7F. Baluška et al. / Developmental Biology 294 (2006) 1–10Although this is not an easy question, cell–cell channels and
their affinity for endosomes and vacuoles might be relevant
here. For example, only endosomes can invade so-called
‘tunneling nanotubes’, and may even accomplish the transport
from one animal cell to another (Rustom et al., 2004). Both
physiological and cytological data reveal that tubular vacuoles
can pass through plasmodesmata (Lazzaro and Thomson, 1996;
Volobueva et al., 2004) and that similar tubular vacuoles invade
the phragmoplast during plant cytokinesis (Kutsuna and
Hasezawa, 2002; Kutsuna et al., 2003). Two mutations in the
TUF gene encoding the E subunit of the vacuolar H+-ATPases
of Arabidopsis cause failure of plant cytokinesis (Strompen
et al., 2005). These vacuolar H+-ATPases localize to the TGN
elements which are part of the endocytic network in plants
(Šamaj et al., 2005; Dettmer et al., 2006). Plant-viral movement
proteins, which can open plasmodesmata, recruit endosomes to
plasmodesmata and interact with endocytic protein belonging to
the conserved RME-8 family (Haupt et al., 2005). Viral
movement proteins are equipped with the endocytic YXXΦ
motif (Boevink and Oparka, 2005), physically interact with
endocytic KNOLLE, and localize also to endosomes (Haupt et
al., 2005) as well as to cell plates (Laporte et al., 2003). As
mentioned above, plasmodesmata are formed during plant
cytokinesis. All these data suggest that plasmodesmata and
‘tunneling nanotubes’, including the intracellular channel of
cytokinetic animal cells, are perhaps homologous structures
holding the key to our understanding of eukaryotic cells from
both an evolutionary and a functional perspectives.
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